ABSTRACT: Stress distribution remains unclear in early-stage osteonecrosis of the femoral head (ONFH). To clarify this issue, we generated patient-specific finite element models (FEMs) from 51 patients with ONFH. Patients' hips were classified into three groups: ONFH without a sclerotic boundary (Stage 1, n ¼ 6), ONFH with a sclerotic boundary (Stage 2, n ¼ 10), and ONFH with both a sclerotic boundary and <2 mm collapse (Stage 3, n ¼ 35). Four hips without ONFH were used as controls. Stress distribution in each FEM was compared with magnetic resonance imaging (MRI) and computed tomography (CT) results. Fifteen wholly resected femoral heads in Stage 3 hips were assessed by micro-CT. Furthermore, we histologically examined three Stage 2 femoral heads that subsequently developed subchondral fractures after FEM analyses. In all FEMs of both control and Stage 1 hip, stress was equally distributed on the femoral head surface. However, in all FEMs of both Stages 2 and 3 hips, stress was concentrated at the lateral boundary of the femoral head surface, corresponding to both a low-intensity band on T1-weighted MRI images and sclerotic changes on CT. On micro-CT, subchondral fractures consistently began at the lateral boundary with sclerotic changes, in which bone volume fraction was increased. Histology showed breakage of subchondral plates at the junction between necrotic and reparative zones. In early-stage ONFH, sclerotic changes caused stress concentration, which can trigger subchondral fractures at the lateral boundary. Clinical Significance: Our results will clarify the pathogenic mechanism of collapse in ONFH. ß 2018 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 36:3169-3177, 2018.
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The shape of the femoral head is preserved in earlystage osteonecrosis, but is altered in advanced stages. 2 Once a subchondral fracture occurs, femoral head collapse usually follows, resulting in severe joint dysfunction. [1] [2] [3] Although mechanical stress is one of the causative factors of femoral head collapse in ONFH, 1 the mechanism underlying this collapse remains unclear.
To date, two hypotheses have been proposed regarding the mechanism underlying collapse in ONFH. One is based on bone resorption due to osteoclastic activity, 4, 5 and the other is based on the focal concentration of stress at junctions between the thickened sclerotic trabeculae of the reparative zone and the necrotic trabeculae. 2 Although a previous finite element (FE) analysis showed preferential load uptake by the stiffer bone surrounding the necrotic lesion in the femoral head during the pre-collapse phase, 6 the necrotic lesion was just assumed to be a circular cone that lacked the characteristic ONFH pattern consisting of necrotic, reparative, and viable zones. 2, 7 There have been few reports based on patient-specific data that have described stress distribution in the femoral head surface in early-stage osteonecrosis.
Using a finite element model (FEM) analysis, it is possible to predict stress distribution in the hip joint in vivo. [8] [9] [10] [11] Recent FEM studies have adopted the concept of Drucker-Prager equivalent stress, [8] [9] [10] which treats bone as a brittle material. 12 Shear stress was found to be concentrated at the sclerotic boundary in a previous FEM study that used samples from surgically resected femoral heads with advanced-stage osteonecrosis. 13 In addition, collapse has been reported to involve subchondral fractures at the lateral boundary. 14 Therefore, we hypothesized that sclerotic changes might cause stress to become concentrated at the lateral boundary in early-stage osteonecrosis.
The purpose of this study was to examine stress distribution on the femoral head surface in cases of early-stage osteonecrosis.
METHODS Patients
This study was approved by our institutional review board and written informed consent was obtained from all participants. All procedures were also in accordance with the Helsinki Declaration. In this study, we retrospectively reviewed the clinicoradiologic data of 398 patients who visited the Department of Orthopaedics at our hospital between January 2010 and December 2017. The inclusion criteria for this study were: (i) radiologic examinations of the hip joints, including computed tomography (CT) as well as magnetic resonance imaging (MRI) and plain radiographs performed with a standardized protocol at our institution, (ii) a diagnosis of ONFH based on both MRI and plain radiographs, 15, 16 (iii) femoral heads with a well-preserved spherical shape or minimal collapse (femoral head collapse <2 mm), and (iv) an ONFH area occupying more than the medial twothirds of the weight-bearing portion on mid-coronal MRI according to the classification system of the Japanese Investigation Committee of Health and Welfare (JIC classification type C1/C2). 16 The exclusion criteria were: (i) a previous history of hip injury, (ii) congenital hip disease, (iii) lack of radiologic examination, and (iv) femoral heads with evident collapse (femoral head collapse !2 mm) or osteoarthritic changes. Fifty-one patients with ONFH who met the inclusion criteria were recruited in the current study, and a patient-specific FEM of each patient was generated based on clinical CT data. The stage of ONFH was defined according to the classification of the Association Research Circulation Osseous (ARCO). 17 Since ARCO Stages 1 and 2 have been defined as pre-collapsed asymptomatic stages, 1 patients with these stages show neither subchondral fracture on CT nor bone marrow edema on MRI, indicating the absence of collapse. 15 Meanwhile, either subchondral fracture or bone marrow edema was reported in patients with ARCO Stage 3, 15 which corresponds to the pre-collapsed symptomatic stage. 1 In this study, six hips without a sclerotic boundary were classified as Stage 1, 10 hips with a sclerotic boundary as Stage 2, and 35 hips with both a sclerotic boundary and minimal collapse (femoral head collapse <2 mm) as Stage 3. Based on both anteroposterior and lateral radiographs obtained at the same time that CT was performed, we measured the extent of collapse in each patient with Stage 3 hips, as previously described. 18, 19 Briefly, the extent of femoral head collapse was measured based on both anteroposterior and lateral radiographs as the distance between an estimated circle that was fit to each femoral head and the maximum incursion into the femoral head on the line passing through the center of the femoral head (Fig. 1) . Patient details are listed in Table 1 .
In addition, four normal hips without ONFH in four patients with unilateral ONFH were used as controls (two men and two women; mean age 36.0 years; range 29-54 years).
FEMs
Helical CT was used to analyze the hip joints, with a 512 Â 512 matrix, a field of view of 320-663 mm for axial images and 661-1090 mm for coronal images, and a slice thickness of 2 mm (Aquillion: Toshiba, Tochigi, Japan). During scanning, patients were placed in the supine position. Both the hip and the knee joints were fully extended, and the lower legs were also secured to the table using a belowknee splint to fix the rotational position. After downloading CT data in the digital imaging and communication in medicine format (DICOM: National Electrical Manufactures Association [NEMA], Rosslyn, VA) onto a personal computer, a FEM in each patient was generated using the Mechanical Finder software program, version 7.0 (Research Center for Computational Mechanics, Tokyo, Japan). This program includes a three-dimensional (3D) modeler as well as a meshing component and FE solver, [8] [9] [10] and creates a nonlinear FEM that shows the shape of the individual bone and the distribution of its density. 8, 9 FEMs consisted of the pelvis, the articular cartilage, and the femur. FEMs utilized 2-mm tetrahedral elements for the trabecular bone and three nodal-point shell elements with a thickness of 0.4 mm for the outer surface of the cortical bone. To investigate model convergence, we created five models with different mesh sizes of 2, 3, 4, 5, and 6 mm. The model with a 1-mm mesh size could not be resolved due to the limited capacity of our computer. For each of the models, the total strain energy was calculated at a load of 900 N under the same loading and boundary conditions. 8, 10 The percentage differences in total strain energy between the 2-and 3-mm models, the 2-and 4-mm models, the 2-and 5-mm models, and the 2-and 6-mm models were 1.05%, 4.56%, 8.94%, and 18.2%, respectively. Therefore, we set the mesh size of all FEMs at 2 mm in the current study. The pelvis, the articular cartilage, and the femur were assumed to be completely bonded. We artificially modeled the articular cartilage as a homogeneous isotropic material. 10 For each FEM, the mean number of elements was 831,633 (range, 557,894-1,025,080) and the mean number of nodes was 152191 (range, 103568-186518). The mean number of shell elements was 43,526 (range, 15,353-52,730).
The elastic modulus of the bone was determined from CT density values, as previously reported. [8] [9] [10] First, the apparent bone mineral density (p in g/cm 3 ) of each element was determined using Hounsfield units. The elastic modulus (E [MPa]) of each element was then determined from the apparent bone density value using the equations proposed by Keyak et al. 20 Since the biomechanical properties of ONFH have been reported to be similar in necrotic and viable zones, 21, 22 the elastic modulus of necrotic zones was also determined from CT density values. The Poisson's ratio of the pelvis, the femur, and necrotic zones was 0.40. 10 The elastic modulus and the Poisson's ratio of the articular cartilage were 10.35 and 0.40, respectively. 10 A load of 900 N was vertically applied to the pelvis, 23 and the distal part of the femoral shaft was fully restrained (Fig. 2) . 10 
FEM-Based Assessment of the Distribution of Drucker-Prager Equivalent Stress
The distribution of Drucker-Prager equivalent stress (equivalent stress) in FEM [8] [9] [10] was assessed at the lateral boundary of the femoral head surface, including the necrotic, reparative, and viable zones. To clarify the relationship between the distribution of equivalent stress and sclerotic changes, we then compared the distribution of equivalent stress with corresponding MRI and CT slices including the mid-coronal plane as well as the anterior-coronal plane, where the necrotic zone was the widest.
The Quantitation of the Stress Value at the Lateral Boundary
The process of quantitating of both the equivalent stress value and the shear stress value was as follows (Fig. 3) : First, by comparing corresponding coronal slices on MRI and CT, and FEM, the center of the lateral boundary of the necrotic lesion was identified in each hip. We then extracted approximately 100 bone elements at the lateral boundary of the femoral head surface in both the mid-coronal and anterior coronal planes using a rectangular parallelepiped (height: 5 mm, width: 10 mm, depth: 1 mm). The center of the rectangular parallelepiped corresponded to that of the lateral boundary. The long side of the rectangle corresponded to the tangential direction of the arc of the lateral boundary. We obtained the equivalent stress value of each element. Finally, the mean value of the equivalent stress at the lateral boundary of the femoral head surface was calculated. The calculation was performed for each mid-coronal and anteriorcoronal slice. The mean value of the shear stress at the lateral boundary was calculated in the same way. Both the equivalent stress value and the shear stress value were compared between Stages 1, 2, and 3 hips.
Micro-CT Evaluation of Wholly Resected Femoral Heads in Stage 3 Hips
Fifteen femoral heads that were obtained after arthroplasty of Stage 3 hips were scanned with high-resolution micro-CT (R_mCT T1: Rigaku, Tokyo, Japan). Micro-CT was performed at a voltage of 60 kV, current of 60 mA, resolution of 50 mm per pixel, slice thickness of 0.4 mm, and 2 min of scan time. We then used a 3D image analysis system (TRI/3D-Bon: RATOC System Engineering, Tokyo, Japan) to reconstruct the 3D Figure 2 . A diagram of a finite element model (FEM) and the loading and restriction conditions. Each FEM consisted of the pelvis, the articular cartilage, and the femur, which together represented a unilateral hip joint; the structures were assumed to be completely bonded. The pelvis included the ischium, pubis, and ilium, and specifically the mid-point of the anterior superior iliac spine. The femoral segment began at the femoral head and ended at the femoral shaft at a location 140 mm distal to the midpoint of the lesser trochanter. A load of 900 N (white arrow) was applied vertically and the distal femur was fully restricted. ) were selected in the necrotic, reparative, and viable zones to assess the bone microarchitecture. In each femoral head, a total of six regions of interest were selected (Fig. 4) to examine the following bone mineral parameters: 24 bone mineral density (BMD; mg/cm 3 ), bone volume fraction (bone volume/trabecular volume, BV/TV; %), trabecular thickness (Tb.Th.; mm), and trabecular separation (Tb.Sp.; mm).
Histopathological Examinations of Femoral Heads That Developed Subchondral Fractures in Stage 2 Hips
In Stage 2 hips, eight of 10 femoral heads developed subchondral fractures. Three hips required arthroplasty, and we performed histopathological examinations of the three wholly resected femoral head. The heads were fixed in 4% para-formalin and cut with a bone saw into 3-mm-thick serial sections along the coronal plane. Both mid-coronal and anterior-coronal sections were obtained from each femoral head. The sections were decalcified using EDTA for 7 days, embedded in paraffin, and cut into 3-mm sections. Hematoxylin and eosin (HE) staining was performed in these samples. Each femoral head was then evaluated based on the histopathological examination.
Statistical Analysis
Wilcoxon's test was used for numerical variables. Gender, factors associated with ONFH, and type of ONFH were compared between the Stages 1, 2, and 3 groups using Fisher's exact test. The difference was considered significant when the p-value was <0.05. These statistical analyses were performed using the JMP statistical analysis software program (version 11; SAS Institute, Cary, NC).
RESULTS

FEM-Based Assessment of the Distribution of Equivalent Stress
In all models of control and Stage 1 hips, the equivalent stress was equally distributed on the femoral head surface in both the mid-coronal plane ( Fig. 5A and B) and the anterior-coronal plane. In contrast, in all models of Stages 2 and 3 hips, the equivalent stress was concentrated at the lateral boundary of the femoral head surface in both the midcoronal and the anterior-coronal planes, corresponding to both a low-intensity band on T1-weighted MRI and sclerotic changes on CT (Fig. 5C and D) . Cystic lesions were found in 28 of 35 hips with both sclerotic changes and minimal collapse that were categorized as Stage 3 in the current study, while such lesions were not detected in any Stages 1 or 2 hips. In FEM analyses, stress was concentrated at the lateral boundary of the femoral head surface regardless of the presence or absence of cystic lesions. Comparing corresponding coronal slices from MRI, CT, and FEM, the center of the lateral boundary of the necrotic lesion was identified (white circle). Using a rectangular parallelepiped (height: 5 mm, width: 10 mm, depth: 1 mm), approximately 100 bone elements were extracted at the lateral boundary on the femoral head surface. The center of the rectangular parallelepiped corresponded to that of the lateral boundary (white circle). The long side of the rectangle corresponded to the tangential direction of the arc of the lateral boundary. We then obtained the value of the equivalent stress on each element. Finally, the mean value of the equivalent stress at the lateral boundary on the femoral head surface was calculated. The calculation was performed in each mid-coronal and anterior coronal slice. The mean value of the shear stress at the lateral boundary was calculated in the same way. Finally, both the equivalent stress and the shear stress were compared between Stages 1, 2, and 3 hips. 
The Equivalent Stress and Shear Stress Values at the Lateral Boundary
Both the mean equivalent stress value and the mean shear stress value at the lateral boundary were significantly increased in the mid-coronal and anterior-coronal planes in Stages 2 and 3 hips compared to Stage 1 hips (Fig. 6A-D) .
Micro-CT Evaluation of Wholly Resected Femoral Heads in Stage 3 Hips
All 15 femoral heads in Stage 3 hips that were wholly resected and scanned by micro-CT demonstrated subchondral fractures beginning at the lateral boundary with sclerotic changes (Fig. 7) . Regarding bone mineral parameters, BMD, BV/TV, and Tb.Th. in reparative showed a low-intensity band (white arrow), while on CT, sclerotic changes were unclear at the lateral boundary (white-dotted ellipse). The equivalent stress on the FEM was equally concentrated across the femoral head surface (white-dotted ellipse), similar to controls (A). (C) In Stage 2 hips, MRI (TR/TE, 400/10) showed a low-intensity band (white arrow), while on CT, sclerotic changes were clearly seen at the lateral boundary (black arrowhead). The equivalent stress on the FEM was concentrated at the lateral boundary (white arrowhead), corresponding to both the low-intensity band on MRI (C, white arrow) and sclerotic changes on CT (C, black arrowhead). (D) In Stage 3 hips, MRI (TR/TE, 400/10) showed a low-intensity band (white arrow) as well as a diffuse low-intensity signal in the femoral head (white asterisk), indicating bone marrow edema. On CT, sclerotic changes were clearly seen at the lateral boundary (black arrowhead), with slight depression of the femoral head surface (black arrow). The equivalent stress on the FEM was also concentrated at the lateral boundary (white arrowhead), corresponding to both the low-intensity band on MRI (D, white arrow) and sclerotic changes on CT (D, black arrowhead).
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zones with sclerotic changes were significantly increased compared to those in necrotic zones (Fig. 8A-C) . Meanwhile, Tb.Sp. in reparative zones with sclerotic changes was significantly decreased compared to that in necrotic zones (Fig. 8D) .
Histopathological Examination of Femoral Heads That Developed Subchondral Fractures in Stage 2
Histopathologic examination was performed on each femoral head that was surgically resected due to the development of subchondral fracture in Stage 2 (Fig. 9A) . In each sample, a subchondral plate was found to be broken at the junction between the thin trabeculae of the necrotic zone and the thickened trabeculae associated with appositional bone formation in the reparative zone ( Fig. 9B and C) , corresponding to the area where the concentration of equivalent stress was observed in the FEM (Fig. 9A) .
DISCUSSION
This study showed that both equivalent stress and shear stress were concentrated at the lateral boundary of the necrotic lesion, where sclerotic changes were observed, in cases of early-stage osteonecrosis. In ONFH, sclerotic changes have been reported to result from the repair process, which includes osteoblastic activity.
2 SPECT/CT with technetium-99 m hydroxymethylene diphosphonate showed that osteoblastic activity gradually increased around the necrotic lesion in early-stage osteonecrosis. 25 We therefore speculate that the concentration of stress may increase in association with the increased osteoblastic activity at the lateral boundary of the femoral head in early-stage osteonecrosis.
Regarding the pathogenesis of the femoral head collapse in ONFH, Bullough and DiCarlo 2 proposed that it might result from the focal concentration of stress at the junction between the thin trabeculae of the necrotic zone and the thickened trabeculae of the reparative zone. Similar to previous reports, 21, 26 micro-CT evaluations in this study showed that in the reparative zone with sclerotic changes, the trabecular thickness was significantly increased compared to that in the necrotic zone. In addition, collapse has been found to consistently involve subchondral fractures at the lateral boundary.
14 This study showed that in cases of early-stage osteonecrosis, stress was concentrated at the lateral boundary of the femoral head surface where sclerotic changes were located. Therefore, subchondral fractures may be caused by increased stress at the lateral boundary with both thickened reparative trabeculae and thin necrotic trabeculae.
Several authors have conducted experiments using resected femoral heads with end-stage ONFH 21, 22 to explore the mechanism of femoral head collapse. Wang et al. 21 showed that the micromechanical properties of bone trabeculae in collapsed femoral heads with ONFH did not differ significantly between the necrotic zone and the healthy zone. Using Raman spectroscopy analyses, Pascart et al. 22 also demonstrated that the molecular composition and structure of the trabecular bone were not modified in end-stage ONFH. Although A 37-year-old male patient with bilateral ONFH was examined by CT before bipolar head arthroplasty (BHA) for the left hip. At the same time, his right hip was classified as ARCO Stage 2, and a FEM was generated. One year later, his right femoral head also required BHA due to severe pain, and both micro-CT and histopathological examinations of the wholly resected femoral head were performed. T1-weighted MRI (534/10) showed a low-intensity band (A, white arrow) without bone marrow edema at 37 years of age. On CT, sclerotic changes were clearly seen at the lateral boundary (A, black arrowhead). The equivalent stress was concentrated at the lateral boundary on the femoral head surface in the same plane as the FEM (A, white arrowhead), corresponding to the sclerotic changes on CT (A, black arrowhead). (B) Micro-CT of the surgically resected femoral head showed a subchondral fracture (white arrowheads) that occurred at the lateral boundary (white rectangle), corresponding to the area where the equivalent stress was concentrated in the FEM (A). (C) A photomicrograph of the area bounded by the white rectangle in Figure 8B showed that the subchondral plate was broken at the junction (black arrow) between the thin trabeculae of the necrotic zone ( Ã ) and the thickened trabeculae that were associated with appositional bone formation in the reparative zone ( ÃÃ ). (Nec, necrotic zone; Rep, reparative zone; Via, viable zone; hematoxylin and eosin Â 20; black bar 500 mm).
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clarifying the mechanism of collapse would ideally involve a variety of experiments, it is impossible to obtain a whole femoral head before collapse. Since the current study showed the stress distribution of earlystage ONFH using FEMs that were generated from CT data before collapse, our findings help to clarify the pathogenic mechanism of collapse in ONFH.
Regarding validation of the methodology in this study, Bessho et al. 8 conducted a cadaveric validation study of FEM in which they used the same simulation software as our study. They showed that the predicted fracture site of FEMs was in the same region as the experimental fracture site by performing load testing on proximal femurs using fresh frozen cadaver specimens. 8 Therefore, we believe that FEM analyses based on CT scan density values may simulate the stress distribution on the femoral head surface in early-stage ONFH.
Controversy exists with regard to material properties in cases of ONFH. The elastic modulus of bone in collapsed ONFH has been reported to be markedly lower (72%) than in samples from normal femoral heads. 27 However, the biomechanical properties of femoral heads with osteonecrosis have been reported to be similar in the necrotic and viable zones in both nanoindentation testing 21 and Raman spectroscopy analyses. 22 Since this study used CT data from cases of early-stage osteonecrosis, the elastic moduli of both the necrotic and viable zones were determined based on CT density values.
This study had several limitations. First, we assessed a relatively small number of FEMs, mainly due to a relative lack of CT data in cases of early-stage osteonecrosis. We were therefore unable to include patients with small ONFH lesions in this study. However, this is the first study to investigate stress distribution in the femoral head surface in cases of early-stage osteonecrosis using patient-specific FEMs. Therefore, we feel that our results are meaningful and provide insight into the mechanism underlying the onset of collapse in ONFH. Second, the articular cartilage was artificially modeled, since it was not visible on clinical CT. Further prospective studies that include detailed information on the articular cartilage should be performed to understand the mechanism underlying collapse.
CONCLUSION
Stress concentration in the femoral head surface caused by sclerotic changes at the lateral boundary of the necrotic lesion may subsequently lead to subchondral fractures and eventual collapse in cases of earlystage osteonecrosis.
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